Abstract-The back-streaming neutrons (back-n) is a white neutron experimental facility at the China spallation neutron source (CSNS).
I. INTRODUCTION
T HE China spallation neutron source (CSNS) is a large scientific facility designed for multidisciplinary research on material characterization using neutron scattering techniques [1] . The first phase (CSNS-I) is 100 kW in beam power and the upgrading phase (CSNS-II) will be increased to 500 kW. With beam energy up to 1.6 GeV and 25 Hz in pulse-repetition rate, the CSNS accelerator is a powerful facility serving research in neutron beam applications [2] . The proton beam line ring to target beam transport in the CSNS has a 15°bend at a distance approximately 20 m from the spallation target. The back-streaming neutrons (back-n) from the spallation target depart from the charged particles by the magnet on the bend, and studies have shown that it is suitable for exploiting back-streaming as a white neutron source for nuclear data measurements [3] , [4] . Fig. 1 is the layout of the back-n beam line and end stations.
There are seven spectrometers in back-n as follows:
1) C 6 D 6 detectors with four detector units for cross section (n, γ ) early measurements; 2) a 4π-BaF 2 array named gamma total absorption facility II (GTAF-II) for neutron capture cross-sectional (n, γ ) measurements; 3) a fast ionization chamber spectrometer for fission cross-sectional measurement with eight-layer fast ionization chamber for the fission cross-sectional (n, f) measurements; 4) a neutron total cross-sectional spectrometer for total cross-sectional (n, t) measurements; 5) a light-charged particle detector array with a lightcharged particle emission (n, lcp) detector array; 6) a fission neutron spectrum detector array with a detector array for prompt fission neutron spectrum measurements; 7) a gamma spectrometer with germanium array with a 4π-germanium detector array for gamma spectrum (n, n'γ /2nγ ) measurements.
For all these detectors, the measurement of neutron energy is important.
In the case of neutron time of flight (n_TOF), a triggerless technical route is adopted. After the proton synchrotron signal, a 16-ms time window is opened, and all data are obtained, and then compressed by the readout-PCs. During the 16-ms flight time, flash analog-to-digital converters (ADCs) with 8-bit quantization accuracy and a 500-Ms/s typical sampling rate are used to digitize the signals, and the rate of neutron pulse is 0.8 Hz or lower [5] .
In back-n, the GTAF-II has the strictest requirements for readout electronics in all the seven detectors. The signals of GTAF-II range from 4 to 2000 mV. Moreover, to obtain signals more accurately, ADCs with 1-Gs/s sampling rate and 12-bit quantization accuracy are used. The high sampling rate and high accuracy increase the readout data. The rate of the neutron pulse in back-n is 25 Hz, which increases the readout data a step further. The compact peripheral component interconnect chassis with a triggerless technical route is not sufficient for data readout at back-n. The general-purpose readout electronics based on the peripheral component interconnect express extensions for instrumentation (PXIe) platform, which owns high-speed serial busses, is adopted [6] . The trigger system is used to reduce the readout data, and the time stamp is used to reestablish signals at a common time axis, which is necessary to be measured by hardware.
The TOF method is an important way to measure neutron energy. In the electronics of TOF measurement, the T0 signal, which represents the neutron emission time from the target, is the start time of the time stamp. The first sample point of the signal waveform is the stop of the time stamp. According to the time stamp and the time of signal over the threshold, the total TOF can be obtained. One option is the time stamp adds the threshold time is TOF. The other method is to use prompt gamma burst as the start of TOF, TOF is the time interval between the gamma burst signal and the other detector signal.
II. IMPLEMENTATION
Back-n's flight length is limited to 80 m and the neutron pulse is widened by a thick target. Therefore, the time accuracy at back-n should not be as high as the neutron beam lines, which are hundreds of meters [7] . Because the simulated neutron pulsewidth is nanosecond, subnanosecond time accuracy is sufficient for TOF measurement. The neutron energy of back-n is 1 eV to tens of MeV [8] . The upper limit of time measurement electronics is set to 10 ms, which can measure neutron energy as low as 0.4 eV.
The general-purpose readout electronics system is based on the PXIe platform, which is composed of field digitizer modules (FDM), trigger and clock modules (TCM), and signal conditioning modules (SCM). Fig. 2 shows the generalpurpose readout electronics system architecture. 
A. Two Methods of TOF Measurement
The T0 signal that is generated by the front beam monitoring system and synchronous to the CSNS accelerator represents the neutron emission from the target. It is the start time of the time stamp. The TCM receives, synchronizes, and distributes the T0 signal to each FDM based on the PXIe backplane bus. Meanwhile, the detector signal, after being conditioned, is fed into the FDM for waveform digitizing, and the first sample point of the signal waveform is the stop of the time stamp.
Using the first method, the time stamp adds the time interval between the first sample point of the signal waveform and the threshold time is the TOF. Fig. 2 shows the transmission paths of the T0 signal and the signal from the detector. Fig. 3 shows the schematic of TOF in which the T0 signal is the start of the TOF.
The other method is to use a prompt gamma burst as the start. Every detector channel generates a signal when the prompt gamma burst arrives, and there is a dedicated delay between the prompt gamma burst and the neutron emission. Through later correction, the prompt gamma burst can be used as the start of the TOF. Fig. 4 shows the schematic.
B. Receiving the Asynchronous T0 Signal
The TCM is at the system timing slot of the PXIe platform. When arriving at the TCM, the T0 signal is an asynchronous signal to the general-purpose readout electronics system. The interval between the T0 signal and the field-programmable gate array (FPGA) clock is recorded as t1. At the rising edge of the TCM clock, the TCM receives the T0 signal. After a few clock periods which are recorded as t2, the TCM drives the synchronized T0 signal to each FDM by a differential star bus DSTARB in the platform, and the FDMs are at the peripheral slots. Fig. 5 shows the transmission progress of the T0 signal in the TCM.
The interval between the T0 signal and the TCM clock is measured by an FPGA-based time-to-digital converter (TDC). In the readout electronics system, this interval is then packed and uploaded to the chassis controller in the direct memory access (DMA) method via a peripheral component interconnect express (PCIe) bus.
Although the clock of the TCM and FDM is homologous, the phase is not deterministic every time the platform powers on. An FPGA-based TDC is used to measure the interval between the T0 signal and the FDM clock, and this interval is recorded as t3. The architecture of this TDC is the same as in the TDC employed in the TCM.
Signals from the detectors are conditioned by SCMs and then transmitted to FDMs. The ADC on the FDM digitizes the signal at a 1-G/s sampling rate. Counting the time between the T0 signal synchronized with FDM and the first sample point of the signal waveform which is aligned with the clock, this interval is recorded as t4. The results and sampled data are then also packed and uploaded to the chassis controller in the DMA method via a PCIe bus. The FDM results are aligned with the TCM results by T0 ID, and the time stamp which is the sum of t1, t2, t3, and t4 is also aligned by T0 ID. Fig. 6 shows the diagram of t3 and t4. The time stamp is the interval between the T0 signal and the first sample point of the signal waveform. Signal waveforms can be reestablished at the same time axis by their time stamps Time stamp = t1 + t2 + t3 + t4.
The TDC employed on TCM and FDM are implied by carry chain [9] . Fig. 7 shows the architecture of TDC. In the TCM and FDM, the input is both the asynchronous T0 signal. In the TCM, the output of the first delay unit is named set signal, and this signal generates at the first clock rising edge after the T0 arrives and is used to obtain the TAI time [10] . The TAI time is a global reference time maintained by the white rabbit system, and the TCM contains the interfaces with the white rabbit system in the front board.
C. Threshold Time and the Final TOF
The constant fraction timing (CFD) method is used to obtain the interval between the first sample point of the signal waveform and the threshold time after acquiring the data, and this interval is recorded as t5. The CFD method is only used to evaluate the accuracy of the TOF. In actuality, the timing method is optional because the signal is digitized and saved in data acquisition. Fig. 8 shows the schematic of t5. There are some dedicated intervals we do not elaborate on, such as the transmission delay of the TCM, FDM and the backplane busses, because they can be calibrated. Using the first method, with T0 signal as the start of TOF, the formula is showed as follows, in which d represents the sum of all the dedicated transmission delays
For the other method, the gamma burst signal is seen as the start of the TOF' and the detector signal as the end. The interval of the T0 signal and the detector signal is measured as described above, and it is recorded as TOFi. Therefore, TOF is calculated as follows: where TOF1 is the TOF of the gamma burst and TOF2 is the TOF of the detector signal. In this way, the accuracy is reduced. Test results showed that the accuracy of the TOF measurement was sufficient for back-n. This system was implemented on the general-purpose readout electronics, and the main modules of the electronics are shown in Fig. 9 .
III. TEST
The code density method is used to measure the bin size of the TDC. The signal source generates pulse signals asynchronous with the TDC clock, and the arriving time of the pulse signals is uniform. For each delay unit, the number of pulse signals falling represents the bin size.
The over-sized bin is caused by the cross-block carry chain. With the accuracy requirement, the bin-by-bin method is enough for revising [11] . The system clock is 125M and the max bin of the TCM is 127. Thus, the average bin size is 63 ps. The max bin of the FDM is 174 and the average bin size is 46 ps. The results are shown in Fig. 10 .
To evaluate the accuracy of the TOF measurement system, we simulated the T0 signal and the detector signal, used the CFD method to find the capturing neutrons time offline, combined the results of the TCM data, and then obtained the TOF. Fig. 11 shows the test diagram of the TOF. The signal source generates two channel homologous signals. One is the T0 signal and the other is the detector signal.
As illustrated in Fig. 12 , the accuracy of the TOF is 280 ps.
IV. CONCLUSION
On the general-purpose readout electronics system of backn, we successfully implemented a TOF measurement system to measure the neutron energy. All channels use the T0 signal as the reference signal and every signal has a time stamp so that they can be reestablished in a single-time axis. We applied FPGA-based TDC in neutron energy measurement, no additional device is required, and the accuracy of the system is subnanosecond with an upper limit of up to 10 ms. The FPGA-based TDC is flexible and this method can be used in other architecture for more digitized channels. 
